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Abstract 
A theoretical-experimental research has been carried out feeding a reversible air-water heat pump, 6 kW heating capacity, 
through a solar photovoltaic (PV) micro grid. The heat pump heated a laboratory which is used as a prototype for the study of 
solar heating systems. The PV field consists of 16 modules with an useful an total area of 18.7 and  21 m2, respectively. Each 
module, composed by 48 polycrystalline silicon cells of 0.02434 m2, has a nominal efficiency of 14% and peak power of 180 W. 
The PV system stores electricity in 250Ah batteries from where is converted from DC to AC through a 3.0 kW inverter which 
feeds the heat pump. It works supplying 840 l/h of hot water at 35-45ºC to the radiant floor. The data measuring system is 
recording variables such as solar radiation; temperatures; input power to batteries; heat produced by the heat pump and 
transferred by the radiant floor; heat pump’s COP; solar fraction, etc. The objective of this work is to present and discuss the 
experimental results obtained during the period 10th-17th of February, 2013, including the detailed results of a representative day, 
15/02/2013, using only PV source electricity.  
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Nomenclature 
A Area   
AC Alternating current 
COP Coefficient of performance 
DC Direct current 
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E Energy 
MPPT Maximum Power Point Tracking 
P Power 
PV Photovoltaic 
Q Heating power 
R Solar global radiation 
t Temperature 
U Overall heat transfer coefficient  
V Voltage 
 
Greek 
η Efficiency 
 
Subscript  
b Batterie 
c Collectors 
d Daily 
f Floor 
g Global 
gr Grid 
hp Heat pump 
i Indoor 
odb Outdoor dry bulb 
omin Outdoor minimum 
omax Outdoor maximum 
pv Photovoltaic 
q Heat 
s Solar 
1. Introduction 
It’s well-known the interest that solar energy photovoltaic conversion has generated since the decade of 1970 [1]. 
As a consequence of scientific activity this technology has experienced a remarkable development which can be 
seen in the increasing number of this type of installations all over the world. The acceptance of photovoltaic systems 
has spread due to its easy installation, to being a producer of a clean way of energy like electricity and the 
institutional support, which results in an economic support. 
 
This interest is shown in the investigations that have been recently published, like  Castro et al. [2], Jukka et al. 
[3], Hartmann et al. [4],  Kohlenbach et al. [5], Xiu et al. [6],  and also Izquierdo et al. [7], among others. Hartmann 
has developed a theoretical model that studies the air-conditioning of two small offices in two different buildings: 
one in Freiburg and another one in Madrid. In his work he compares the profitability of using thermal and 
photovoltaic conversion for heating and cooling. He concludes that the photovoltaic system is the most profitable 
and that fact will make it the system to be chosen in the future.  That is also the conclusion reached for Kohlenbach 
et al. The aim of Xiu’s work is developing a photovoltaic system to fed a membranes system to be used in the 
production of cold with LiBr-Water solutions absorption cooling machines.  
 
Unfortunately, as a consequence of the economic crisis that EU is suffering, this support is being questioned in 
some countries, like Spain [8], where subventions have been recently reduced. Legal system is also changing and 
specifically in Spain the concept of ‘net balance’ will be implemented trying to boost the ‘auto-consumption’ [9]  
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which improves the consumption of photovoltaic electricity in buildings and houses. This tries to avoid as much as 
possible the use of the electrical supply for the exportation by small consumers. 
 
The authors of this work are included in the investigation topic “Saving Energy and Emissions Reductions in 
Buildings”, which carries out their work at the Solar Energy Experimental Plant owned by the Spanish National 
Research Council (CSIC), located in Arganda del Rey, 20km east from Madrid. Between years 2011 and 2013 they 
have been developing the investigation project: “Design, construction and experimental assessment of a high 
performance, solar-powered air conditioning and tri-generation system for buildings and greenhouses (ENE2010-
20650-CO2-01)”, whose objective is substituting fluorinated refrigerants (R22, R410A, etc) in the air conditioning 
systems. 
 
This group is focused on the investigation of heating and cooling systems that use thermal and photovoltaic 
conversion of solar energy: development and construction of highly efficient air condensed LiBr-Water absorption 
cooling machines, and in the case of photovoltaic conversion on the production of cold and heat with a vapour 
mechanical compression (conventional) heat pump system. The work we show is related to our photovoltaic 
activity. Below we show the details of the installation and some experimental results gotten during February 2013. 
2. The system 
It is composed by five subsystems: the building to be acclimatized; the weather station; the photovoltaic field 
with its own storage system; the conventional heat pump and the heated/cooled radiant floor. 
2.1. The building 
It is a thermal laboratory that is used as a prototype for the study of heating/cooling systems with photovoltaic 
electricity as the main energy source. It has a built area of 27.5 m2 divided into two internal rooms: one of them 
housing the storage system, the inverter, the Maximum Power Point Tracking (MPTT) controller and the 
measurement and control system. The laboratory is usually occupied by three people using the other one room. Its 
main thermal characteristics in stationary state are the following: UA = 125 W/°C; the maximum thermal heating 
load, in permanent regime, is about 3.0 kW, although it can reaches a peak about 6.0 kW at the beginning of the 
heating process when the thermal inertia of the building is more important.  
2.2. The weather station: environmental variables 
The weather station measures outdoor dry bulb temperature, global solar radiation on the horizontal and tilted 
planes, wind velocity, relative humidity, etc.  Figure 1 shows the sunlight and outside dry bulb temperature for a 
typical clear February day in Madrid: 15/02/2013. The maximum solar radiation is over 1050 W/m2 and the 
intercepted solar energy 6.41 kWh/m2. The minimum temperature was 1.9°C. 
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Fig. 1. Solar radiation and outdoor dry bulb temperature (15/02/2013). 
 
2.3. The photovoltaic field 
The field consists of 16 modules (18.7 m2 useful surface of panels) occupying a total area of 21 m2. Each module, 
nominal efficiency 14%, is composed of 48 polycrystalline silicon cells of 0.156 m x 0.156 m, and can generate a 
nominal power of 180 W, being the total nominal power installed 2.9 kW. The tilt angle of the modules measured 
from the horizontal is 40º. Those panels are connected between them in a way that the array can generates a total DC 
electrical output of 48 V of potential difference, Figures 2 and 3.  
 
 
Fig. 2. Photovoltaic field and building. 
 
This electricity is driven to the laboratory, showed in Figures 2 and 4, where the MPPT controls the working 
mode of the PV field and supplies the storage system, which is composed of two batteries of 250Ah, where it is kept 
to be used, Figure 3. 
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Fig 3. Heating flow diagram. 
 
This electricity can be used directly as DC power for lighting. This application is not the objective of research 
and, therefore, is conducted only in exceptional cases. The inverter with an output of 3.0 kW converts DC into AC 
power and supplies it to the heat pump. 
2.4. The heat pump 
t is a reversible air-water mechanical compression, 5-6 kW cooling-heating capacity, heat pump driven by an 
inverter system, Figure 4. The condenser (indoor unit) is an indirect system that uses water as a secondary fluid.  
The water, 840 l/h, circulates in a closed loop system situated under the floor (radiant floor), Figure 5, transferring 
heat to the building from the condenser, where the water is heated, supplying, via this process, the heat demand of 
the building. The heat pump can be driven by PV electricity or, if necessary, by the electrical grid.  Figure 3 shows a 
scheme of the heating system. Its components have been already described. The indoor temperature is maintained 
within the legal Spanish limits, between 18ºC and 23 °C. 
 
 
Fig. 4. Air-water heat pump. 
2.5. The radiant  floor 
The radiant floor has an area of 24 m2 and is divided into two circuits in order to supply heat or cool to each of 
the two rooms in which the laboratory is divided: one is used as the engine room of the system and the other as 
office for the work group. 
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In Figure 5 we have a detail of the radiant floor.  The system comprises a plate of expanded polystyrene with low 
thermal conductivity that insulates the radiant floor from the ground. Over this layer there is another one made of 
flexible plastic in which a number of spacers are distributed in order to facilitate the pipe installation. The setup is 
covered by an additional layer of HIPS (High Impact Polystyrene). 
 
 
Fig. 5. Radiant floor’s scheme. 
 
The distribution pipe for the thermal fluid is made of High-Density Polyethylene (HDPE) with an 
external/internal diameter of 0.020/0.016 m respectively. The whole radiant system is covered by a layer of concrete 
of 0.05 m thickness and a tile of 0.02 m thickness installed over a thick layer of glue that attach it with the concrete. 
In order to isolate the foundation, an insulation layer of 0.02 m thickness is located along the perimeter of the 
foundation. The junction between the insulation perimeter layer and the baseboard is made with an elastic gasket. 
The overall heat transfer coefficient (U) is 7.5 W/m2ºC. 
3. Experimental results 
3.1. February 15/2013 
Results for a representative day (15/02/2013) are given in Figures 6, 7 and 8 using only PV as electricity source.    
This day the minimum outdoor temperature was 1.9 ºC and the maximum 16ºC. The sunrise was at 8:00 hours and 
the sunset at 19:10; the day was clear and the solar energy intercepted was 6.41 kWh/m2 (120 kWh just over the 
useful area), being the maximum solar radiation 1050 W/m2 at 12:50 hours, Figure 1.  
 
 
Fig 6. Power and voltaje generated by the PV field. 
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In figure 6 we can see the PV power (DC) generated and battery voltage. At 08:00 hours the power is 0kW and 
the voltage in battery is about 23 V, increasing  at 1kW and 27.3 V, respectively,  at 09:58.  
 
Fig. 7. PV electricity input  to heat pump and heat produced. 
    
Once the batteries were getting charged, the PV production decreased to 0.7 kW at 10:06 hours. In this moment, 
when the energy demand started, the voltage dropped dramatically to 23.7 V and the PV production increased until 
1.47kW and after to 1.7 kW at 11:80 hours. The voltage also increased  until 27.3 V. The process continued until 
15:97 hours when the power decreased until 1.2 kW being the voltage 27.9 V. From this moment the radiation 
decreased and the power also did. At 17:70 hours the voltage was 26.5 V and the power near zero kW.   
 
The PV electicity produced was 11.0 kWh, Figure 6, being 10.8 kWh the electricity stored by the batteries and 
9.1 kWh were suplied to the inverter. The input to heat pump, running between 10:00 and 17:57 hours was 7.8 kWh, 
to produce 22.8 kWh of heat (the daily COP was 2.92), Figure 7. This heat was able to maintain the indoor 
temperature between 17.2 ºC at 08:17 hours and 26.6ºC at 16:63 declining to 22.6ºC at 24:00 hours, Figure 8. The 
floor temperature at the same hours was: 19.9ºC; 30ºC and 24.7ºC, Figure 8. The daily efficiencies were: PV 
collectors 9.2%; regulator 97.3%; batteries 84.2%; the inverter 85.7%, and the total efficiency solar energy-
electricity input to heat pump was 6.5%. The global daily efficiency of the system was 19.0%, approximately.  
 
 
Fig. 8. Indoor and floor temperatures. 
3.2. Period 10 th -17 th February 2013 
In Figure 9 the outdoor dry bulb temperature’s distribution during the period is plotted, and in Figure 10 the solar 
radiation intercepted and electricity produced by the PV field.   
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Fig. 9. Minimum and maximum outdoor temperatures. 
 
The results of the period, February 10th to 17th are shown in Figures 10-13: in Figure 10 we can see that the 
maximum solar energy intercepted by the useful surface  the day 14th  was 139.1 kWh, and the maximum PV 
electricity (DC) generated 11.1kWh the 12th day. 
 
 
 
Fig. 10. Solar energy and electricity produced. 
 
The daily efficiency of the modules field can be seen in figure 11. The minimum and maximum values, 6.7% and 
11%, are corresponding to 14th and 17th days, respectively. During this period, the solar energy intercepted was 
711.1 kWh and the electricity generated 61.3 kWh, being the conversion efficiency 8.6%.  
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Fig. 11. Daily efficiency of the modules field. 
 
Figure 12 show the electricity (AC) driven to heat pump and the heat generated: the maximum heat produced, 32 
kWh, and the maximum electricity driven to the heat pump, 8.8 kWh, were obtained on 12th. The input electricity 
from PV source to heat pump during the period was 45.6kWh and 6.4% the useful efficiency.  
  
 
Fig. 12. Input electricity to heat pump and heat generated. 
 
In figure 13 we have represented the COP evolution, defined as the ratio between the heat generated and the 
electricity input to heat pump. The maximum daily COP was about 3 being the period’s COP about 2.84. 
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Fig. 13. Heat pump COP. 
 
During the period, the inner laboratory temperature was maintained between 18ºC and 23 ºC, according to the 
Spanish legislation. However, the 11th day was necessary to drive the heat pump using electricity of the grid, figure 
12. The conventional electricity used was 5.35 kWh. From this point of view the solar fraction has been 90%. The 
global efficiency obtained as ηperiod·COPperiod was 0.182 (18.2%) 
4. Conclusions 
An experimental investigation with a solar photovoltaic (PV) micro grid feeding a reversible air-water, 6 kW 
heating capacity heat pump, has been carried out during the period 10th-17th of the month of February 2013. The 
objective was to heat a laboratory that is used as a prototype for the study of solar heating systems. The PV field 
consists of 16 modules with useful and total area of 18.7 m2 and 21 m2, respectively. Each module is composed of 
48 polycrystalline silicon cells of 0.02434 m2 with a nominal efficiency of 14% and peak power of 180 W. The PV 
system stores electricity in 250Ah batteries from where is converted from DC to AC through a 3.0 kW inverter that 
feeds the heat pump. The heat pump supply 840 l/h of hot water at 35-45ºC to a radiant floor of 24 m2 area. 
 
Some conclusions obtained are: 
 
a) The system was able to maintain the comfort inner temperature during those days with outdoor temperatures 
minimum-maximum values between 1ºC and 16ºC, respectively. Except for the 11th .  
b) The day 11th, when the minimum outdoor temperature was 1.9ºC and the maximum 8.6ºC, the building need a 
contribution of 5.35 kWh of conventional electricity to produce 14.3 kWh as input to radiant floor. 
c) The field modules efficiency during the period was 8.6%. This means that the real efficiency of modules’ field 
is about  62% of  the module efficiency obtained in  Standard Test Conditions (STC). 
d) The period’s COP was 2.84. 
e) The global efficiency, about 18.2%.   
f) The global efficiency is inferior to the one given by [4]. On the other hand, the results obtained by [7] are also 
different to the ones given by [5]. For this reason, we are carrying out more experiments during longer periods 
to confirm within the next months these results. 
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